The major capsid protein of norovirus VP1 assembles to form an icosahedral viral particle. Despite evidence that the Norwalk virus (NV) minor structural protein VP2 is present in infectious virions, the available crystallographic and electron cryomicroscopy structures of NV have not revealed the location of VP2. In this study, we determined that VP1 associates with VP2 at the interior surface of the capsid, specifically with the shell (S) domain of VP1. We mapped the interaction site to amino acid 52 of VP1, an isoleucine located within a sequence motif IDPWI in the S domain that is highly conserved across norovirus genogroups. Mutation of this isoleucine abrogated VP2 incorporation into virus-like particles without affecting the ability for VP1 to dimerize and form particles. The highly basic nature of VP2 and its location interior to the viral particle are consistent with its potential role in assisting capsid assembly and genome encapsidation.
The major capsid protein of norovirus VP1 assembles to form an icosahedral viral particle. Despite evidence that the Norwalk virus (NV) minor structural protein VP2 is present in infectious virions, the available crystallographic and electron cryomicroscopy structures of NV have not revealed the location of VP2. In this study, we determined that VP1 associates with VP2 at the interior surface of the capsid, specifically with the shell (S) domain of VP1. We mapped the interaction site to amino acid 52 of VP1, an isoleucine located within a sequence motif IDPWI in the S domain that is highly conserved across norovirus genogroups. Mutation of this isoleucine abrogated VP2 incorporation into virus-like particles without affecting the ability for VP1 to dimerize and form particles. The highly basic nature of VP2 and its location interior to the viral particle are consistent with its potential role in assisting capsid assembly and genome encapsidation.
N
oroviruses are nonenveloped viruses with a single-stranded RNA genome of positive polarity and are the leading cause of acute gastroenteritis (1) . Infection causes outbreaks of food-borne illness in the community and produces symptoms of vomiting and diarrhea. Noroviruses belong to the Caliciviridae family that is comprised of five genera: Norovirus, Sapovirus, Lagovirus, Vesivirus, and Nebovirus (2) . The first two genera contain primarily human viruses, while the other genera represent animal viruses. The noroviruses are genetically diverse since they are divided into six genogroups based on the amino acid sequence of the major structural protein VP1. The noncultivable human noroviruses in genogroups I and II are epidemiologically important (3) and are further subdivided into at least 8 and 21 genotypes, respectively. Norwalk virus (NV) is a prototype member of the Norovirus genus and is designated GI.1, and GII noroviruses such as the GII. 4 Houston virus (HoV) are increasingly prevalent in more recent outbreaks (4, 5) .
The NV genome encodes three open reading frames (ORFs) and ORF1 encodes a large nonstructural polyprotein of 1,789 amino acids. This polyprotein is autocatalytically processed by the viral protease to yield six nonstructural proteins (p48 N-terminal protein, p41 NTPase, p22, VPg, protease, and RNA-dependent RNA polymerase [RdRp] ) that are thought to function primarily for viral RNA replication. The structural proteins VP1 and VP2, which form the viral capsid, are translated from a subgenomic mRNA that is 3= coterminal with the viral genome and codes for ORF2 and ORF3 (6) (7) (8) (9) (10) . In NV, ORF2 overlaps ORF1 and ORF3 by 17 and 1 nucleotides, respectively.
The ability to express the norovirus capsid protein to a high levels in insect cells using the baculovirus system and the fact that VP1 proteins will self-assemble into particles that are morphologically and antigenically similar to infectious virions has enabled the structural characterization of the norovirus capsids by cryoelectron microscopy reconstruction and by X-ray crystallography (11) (12) (13) . These structures are fundamentally similar among caliciviruses (14) (15) (16) . Caliciviruses contain a Tϭ3, icosahedral capsid composed of 180 molecules of VP1 organized into 90 dimers that form an ϳ35-nm-diameter icosahedral shell. The VP1 protein consists of the internal N-terminal, shell (S) and protruding (P) domains. The S domain contains an eight-stranded antiparallel beta-barrel fold, separated by a flexible hinge that precedes the P domain where most residues involved in dimeric contacts reside (12) . Expression of the S domain alone, however, still allows VP1 dimer formation and results in the production of smooth VLPs with smaller particle diameters (17) . Sequence and structural variations in the P domain correlate with receptor binding, escape from neutralizing antibodies, and strain diversity. The major capsid protein VP1 engages ABO histo-blood group antigens, glycans which serve as initial attachment molecules for norovirus infection (18, 19) .
VP2 is present in the infectious virions of feline calicivirus (FCV), NV, and likely in all caliciviruses (20, 21) . In FCV, VP2 stabilizes the icosahedral capsid and is required for the production of infectious virus (22) . Although found in norovirus virions purified from stools of NV-infected volunteers (20) , VP2 is not essential for the formation of recombinant virus-like particles (VLPs) (17) . However, the absence of VP2 decreases the stability and size homogeneity of the VLPs when they are produced in insect cells (23) , and VP2 is thought to be involved in the viral assembly (20, 22) . High-resolution X-ray crystallographic structures of three caliciviruses-NV VLPs (12, 24) , San Miguel Sea lion virus (15, 25) , and FCV (26)-have been solved, but the density of the minor capsid protein VP2 has not been detected. Lower-resolution cryoelectron microscopy structures of murine norovirus and rabbit hemorrhagic disease virus also left VP2 unresolved (16) . The process of structural determination requiring the implicit use of icosahedral symmetry averaging combined with relatively few copies of VP2 per virion may account for the absence of VP2 in the structure. The lack of VP2 structural data has hindered further elucidation of the function this protein plays during the norovirus life cycle. In the present study, we took a biochemical approach to characterize where and how norovirus VP1 associates with the minor capsid VP2 to mediate particle assembly.
MATERIALS AND METHODS
Cell lines. Human embryonic kidney 293 cells were obtained from the American Type Culture Collection (CRL-1573) and maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum. Vero, CHO-K1, and Huh7 were also maintained similarly.
Construction of recombinant plasmids. Norwalk (GenBank accession no. NC_001959) and Houston (GenBank no. EU310927) virus capsid genes VP1 and VP2 were amplified with KOD DNA polymerase (EMD Millipore) with flanking PacI and XhoI for NV and PacI and PspXI for HoV. PCR fragments were cloned into a mammalian expression vector pCG (27) (kindly provided by Roberto Cattaneo, Mayo Clinic, Rochester, MN) via PacI and SalI sites to generate pCG-NV-VP1, pCG-NV-VP2, and pCG-HoV-VP1. pCG-HoV-VP2-3ϫFLAG was similarly generated but with the addition of a 3ϫ FLAG fused in-frame to the carboxyl terminus to facilitate detection with FLAG antibody. Construction of the NV shell domain (residues 1 to 225), the protruding domain (residues 226 to 530), and the amino-terminal truncation mutants of NV-VP1 also utilized flanking PacI and XhoI sites. The starting amino acid residue of each mutant precedes a guanine nucleotide when possible to favor eukaryotic translation under the Kozak rule (28) . The introduction of amino acid changes was subsequently accomplished on pCG-NV-VP1 and pCGHoV-VP1 using QuikChange site-directed mutagenesis (Agilent Technologies) according to the manufacturer's protocol. The annealing temperatures for the primers used ranged from 55 to 58°C, and the amplifications were ca. 13 to 18 cycles. To minimize structural interferences, which may lead to reduced protein folding, we substituted charged and polar residues to alanine, and apolar residues to serine. All constructs used in the present study were confirmed by sequencing.
Coimmunoprecipitation and Western blot analysis. To assess the association of VP1 and VP2, 293 cells were seeded on six-well tissue culture plate without antibiotics and allowed to reach ϳ90% confluence prior to transfection. Equal amounts of VP1 and VP2 plasmids were transfected into the cells by using jetPRIME (Polyplus Transfection) according to the manufacturer's protocol. Where necessary, pEGFP-N1 (Clontech) was used to maintain an equal amount of DNA in transfection. At 36 to 48 h posttransfection, cells were lysed with radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, and 1% Triton X-100) supplemented with protease inhibitors (Calbiochem), and the lysates were clarified by centrifugation at 20,000 ϫ g for 5 min at 4°C. Cell lysates were incubated with a mouse monoclonal antibody 8812 to the NV VP1 capsid protein (29, 30) and protein G-agarose (Roche). The complex was washed twice with RIPA buffer and boiled for 5 min prior to loading. In Western blots, proteins were fractionated on sodium dodecyl sulfate polyacrylamide gels (BioRad) and blotted onto polyvinylidene difluoride membranes (Millipore). The membranes were blocked with 5% skim milk powder in phosphatebuffered saline and 0.1% Tween 20. Antibodies used were against NV VP1 and VP2 (20) , HoV VP1 (31), and FLAG (Sigma) to detect the 3ϫ FLAGtagged HoV-VP2, followed by peroxidase-conjugated secondary antibody (Sigma). Proteins were visualized by enhanced chemiluminescence (GE Healthcare).
Purification of virus-like particles (VLPs). Cells coexpressing VP2 together with either wild-type or I52 mutant VP1 were harvested in phosphate-buffered saline (PBS) at 48 h posttransfection. Cells were freezethawed and centrifuged at 5,000 ϫ g for 10 min to remove cellular debris. Lysates were passed through a 1.2-m-pore-size filter and applied to a 30% sucrose cushion ultracentrifugation for 3 h in a Beckman SW28 rotor at 26,000 rpm (124,000 ϫ g). The resulting pellet was then suspended in sterile water and sedimented through isopycnic CsCl gradient centrifugation (1.36 g/cm 3 ) using a Beckman SW55 Ti rotor at 35,000 rpm (116,000 ϫ g) for 24 h. The band containing the VLPs was collected for analysis either by diluting in sterile water and pelleting by centrifugation again for 2 h in a Beckman SW28 rotor at 26,000 rpm, or bufferexchanged and concentrated using Amicon Ultra centrifugal filters (Millipore). Electron microscopic (EM) and structural studies. The 1GC 400 copper Pelco grids (Ted Pella) were prepared with collodion (Parlodion) 2% in sterile amyl acetate (Electron Microscopy Sciences) suspended on a 10-cm dish filled with double-distilled H 2 O. The grids were coated with glow-discharged carbon. Samples were placed on a length of parafilm for staining. VLP samples were absorbed onto the grids for 5 min and stained for 15 s with either 1% (wt/vol) aqueous uranyl acetate (pH 5.0) or 1% (wt/vol) ammonium molybdate (pH 5.5). Excess stain was removed with the edge of a filter paper, and the grids were allowed to air dry. Micrographs were acquired under focus at a magnification of ϫ30,000 directly on a USB 1000 charge-coupled device camera connected to a JEOL543 transmission electron microscope operating at 80 kV. The VP1 protein structures and the vacuum electrostatic assignment of charges were analyzed with PyMOL (DeLano Scientific).
RESULTS

VP1-VP2 interaction results in increased capsid protein expression.
To better study the interaction of the norovirus capsid proteins in human cells, we constructed mammalian expression vectors for NV VP1 and VP2. VP1 and VP2 expressions were analyzed by Western blots after transfection of equal amounts of both VP1 and VP2 plasmids in mammalian cells. We initially observed an increased VP1 protein expression when the minor capsid protein VP2 was coexpressed compared to VP1 expressed alone (Fig. 1) . The reverse was also true in that the presence of VP1 enhanced VP2 expression. Increased capsid protein expression when both VP1 and VP2 were present was also seen in HoV, a norovirus from genogroup II. These observations were consistently reproducible when the proteins were expressed in other mammalian cell lines (Huh7, Vero, and CHO) and in multiple independent experiments (data not shown). Furthermore, pulse-chase experiments of transient VP2 expression in 293 cells indicated the VP2 half-life is Ͻ1 h (unpublished data), consistent with the lower expression level seen in the absence of VP1. These results in mammalian cells confirmed previous studies in insect cells that showed coexpression of VP2 increased the yields and stability of VP1, which can result in increasing the half-life of VP1 Ͼ2-fold. Since their interactions may have contributed to the observed increase in protein expression when both VP1 and VP2 are present, we hypothesized that VP2 helped stabilize the major capsid protein by binding to critical regions on VP1. N-terminal truncations on VP1 affect VP2 association. Previous studies of NV in the insect cell system also suggested that VP2 may be inside the viral capsid. The highly conserved S domain of VP1, encompassing residues 50 to 225, forms the contiguous icosahedral shell of the viral capsid and contributes significantly to the internal surface of the particle. The flexible N-terminal arm of VP1 (residues 1 to 49), which faces the interior of the particles, lacks a predominance of basic residues to implicate its involvement in interacting with the genomic RNA. Instead, we hypothesized that it may associate with VP2 (32) . In contrast, the P domain (residues 226 to 530) is the most exposed and variable region on VP1 forming protrusions from the viral surface and therefore is not expected to interact with VP2. Previously, we showed that the first 20 N-terminal residues on VP1 are not important for VP2 association (33) or for VLP formation (17) .
To examine the possible involvement of the N-terminal arm of VP1 in interacting with VP2, we generated a series of amino-terminal truncated VP1 mutants by selectively deleting up to 114 residues and assessed their abilities to interact with the minor capsid protein VP2 by coimmunoprecipitation ( Fig. 2A) . We observed that the truncated VP1 mutant lacking the first 48 residues (mutant 49-530) maintained interaction with VP2, but VP1 missing 60 residues or more at the N terminus expressed poorly and did not coprecipitate VP2 (Fig. 2B) . In addition, a decrease in VP2 expression correlated with the drastic drop in VP1 expression on the Western blot. Since we expected that deletions greater than 61 residues would have begun to disrupt the ␤-strands intrinsic to the VP1 eight-strand fold, we generated an additional VP1 mutant lacking the first 54 residues. This mutant expressed approximately half the amount of mutant 49-530 but had negligible interaction with VP2 (data not shown). Furthermore, coimmunoprecipitation of full-length (wild-type) VP1 and VP2 was unperturbed by NaCl concentrations between 150 and 450 nM and various pHs ranging from 6.75 to 8.0 in the wash buffer. Taken together, these studies suggested that the first 48 amino acids from the N terminus of VP1 are not required for VP2 interactions and that the region between amino acids 49 to 60 affected VP2 association by influencing both VP1 and VP2 expression.
VP2 interacts with the interior of the capsid shell. To further examine whether the region encompassing amino acids 49 to 60 consisted of any residues that are invariant among norovirus VP1, we performed amino acid sequence alignment of VP1 proteins from 14 GI, 17 GII, two GIII (bovine norovirus), two GIV (human and feline noroviruses), one GV (murine norovirus), and one GVI (canine norovirus) strains for which partial or full S domain sequences were available (Fig. 3) . Strikingly, there were five consecutive identical residues at residues 52 to 56 of NV near the junction of the N-terminal and the S domain. This relatively long stretch of identical residues is not seen anywhere else nearby. These residues are Ile-52, Asp-53, Pro-54, Trp-55, and Ile-56, which partially overlap a short beta-sheet motif leading into the eight-stranded antiparallel beta sandwich core of the S domain. Since these residues lie within the critical region involved in VP2 interaction, we mutated residues in this motif in the context of a full-length VP1 and tested the ability of single mutants to interact with VP2. Mutations on VP1 at Asp-53, Pro-54, and Trp-55 expressed well and maintained interactions with VP2 (Fig. 4A) . However, mutants Ile-52 and Ile-56 failed to coimmunoprecipitate VP2 despite being expressed. To further characterize the role of residue 52 in the interaction, different mutations were made at this position. Mutation to alanine, the smallest aliphatic amino acid, impaired association with VP2. On the other hand, valine, differing from isoleucine only because of the absence of the delta methyl group, also impaired association with VP2.
To visualize the location of these conserved IDPWI residues, we mapped their positions onto the atomic structure of the NV VP1 dimer (Fig. 4B) . Asp-53 and Ile-56 are buried and therefore were uninformative (black color). Ile-52, Pro-54, and Trp-55 are surface exposed on the VP1 dimer. All three surface-exposed residues are located on the S domain facing the interior of the capsid shell. Since coimmunoprecipitation experiments demonstrated that only the mutation at Ile-52 affected VP2 association, the surface of residue Ile-52 (shown in red) was available for binding to VP2 but failed to do so when mutated. Taken together, these data indicate that Ile-52 located on the S domain is important for NV VP1 to interact with VP2.
The S domain of VP1 is sufficient to enhance VP2 expression. We sought to determine whether VP2 expression is affected by the presence of the S domain alone. When we coexpressed VP2 with the S domain (residues 1 to 225), the P domain (residues 226 to 530), full-length VP1 (wild type), or full-length VP1 mutated at Ile-52, we observed a reproducible increase in the expression of VP2 in the presence of the S domain on Western blot similar to that seen in the presence of the full-length VP1 (Fig. 5A) . On the other hand, the P domain had no major effect on VP2 expression; the same level was seen as VP2 expressed alone. Coimmunoprecipitation experiments between the P domain and VP2 did not reveal any interaction (data not shown). Furthermore, VP1 containing a single mutation at Ile-52 failed to enhance VP2 expression, which may be due to its inability to associate with VP2. These data do not formally prove a role for direct binding of the S domain to VP2 but strongly suggest that the S domain alone is sufficient to interact with VP2.
Conserved isoleucine is critical for VP1-VP2 interaction in GII HOV. We next asked whether this isoleucine residue is critical for VP2 association in another norovirus from another geno-
FIG 3
Residues IDPWI (underlined) on VP1 are highly conserved among the shell domains of different noroviruses. Amino acid alignment of the N-terminal region of VP1 for which sequences were available from strains GI.1 to GI.14, GII.1 to GII.17, and representative strains from GIII through GVI. Identical residues are shaded gray.
group. In HoV (GII genogroup), residues IDPWI correspond to amino acid positions 48 to 52. Isoleucine 52 on NV is therefore equivalent to HoV VP1 at position 48. HoV VP1 with a single Ile-48 mutation was then generated and coexpressed with HoV VP2. Coimmunoprecipitation experiment showed that this mutant also failed to interact with HoV VP2 (Fig. 5B) . When mapped onto the unpublished crystal structure of HoV VP1, this Ile-48 was also surface exposed in the S domain interior similar to that seen on NV VP1. This highly conserved isoleucine residue, therefore, plays an important role in the ability of norovirus GI and GII VP1 proteins to interact with VP2.
Mutated VP1 does not affect VLP formation, but these VLPs fail to incorporate VP2. In the NV capsid structure, both P and S domains participate in dimeric interactions. Even in the absence of the P domain, the S domain alone can assemble into icosahedral shells, indicating that S domain dimeric interactions are crucial for the NV capsid. Since Ile-52 residue is located close to the S domain dimeric contact region, we sought to determine whether an Ile-52 mutation affected VP1 dimerization and consequently disrupted VP2 association in this manner. We assessed the ability for VP1 to dimerize by coexpressing VP2 with either wild type or the Ile-52 mutant VP1 in 293 cells and subjected the cell extracts to sucrose and CsCl gradient centrifugation. Protein bands were observed at CsCl density of 1.31 g/ml suggestive of empty VLPs (11, 34) . Notably, this density is less than that of infectious virions purified from stool containing encapsidated viral nucleic acid (35, 36) . Under EM, VLPs were seen from both wild-type and mutant VP1 with approximately 35 to 40 nm in diameter (Fig. 6A ). These particles were morphologically similar to those produced in insect cells using recombinant baculovirus (11) or in mammalian cells using Venezuelan equine encephalitis virus (VEEV) replicons (37) . Therefore, we concluded that the Ile-52 mutant retained the ability to dimerize and subsequently participated in particle assembly.
Particles generated from these mammalian cells were cell associated similar to that reported with the VEEV system using BHK cells (37) . No VLPs were observed in the culture medium. We observed fewer VLPs generated from the Ile-52 mutant VP1 expression compared to those expressed from the wild-type VP1 even though both samples were prepared and purified using identical conditions. To determine whether particles from mutant VP1 incorporated VP2 molecules, we analyzed the purified VLPs by Western blotting with rabbit polyclonal antibodies specific to either VP1 or VP2 and found that the VLPs generated from wildtype VP1 had VP2 incorporated (Fig. 6B) . In contrast, no VP2 protein was detected in VLPs from the Ile-52 mutant. Moreover, overexposure of the Western blot did not reveal any VP2 band. We wanted to show that coexpression of the S domain and VP2 do form VLPs with incorporated VP2. However, we were unable to generate intact shell VLPs, possibly due to the low expression of the S domain or insufficient dimerization in the absence of the P domain. These findings implicate Ile-52 on VP1 as crucial for the association with VP2. The VP2 interacting footprint exhibits possible charge complementarity. To visualize how VP2 might associate with VP1, the half-shell spherical surface representation of the viral particle was generated using the available crystal structure information (Fig. 7A) . Pairs of Ile-52 (labeled in red) from each VP1 dimer are prominently visible on the S domain (cyan) inside the particle and outline the 3-and 5-fold axes from within. The atomic distance of the intradimeric Ile-52 is ϳ7.5 Å, while the interdimeric Ile-52 distance is ϳ40 Å. Since VP2 is a highly basic protein and hence positively charged, we sought to determine whether the location of the Ile-52 pockets on VP1 is associated with a patch that exhibits complementary surface charge. Vacuum electrostatic analysis of the interior of the shell domain dimer revealed a surface-exposed belt consisting of locally negative charges (red regions) spanning across VP1 dimer and over the pocket where Ile-52 residues are located (Fig. 7B) . It is unclear whether VP1-VP2 interaction is specific to any dimeric pairs among 90 VP1 dimers. However, these contact points may collectively allow VP2 to initially stabilize several VP1 dimers conducive for VP1 multimerization. Taken together, these results suggest that the overall capsid structure may benefit from VP2 "stitching" the VP1 molecules during the initiation of virion assembly.
DISCUSSION
In this study, we addressed the longstanding questions of where the norovirus minor capsid protein VP2 is located in the capsid and how it interacts with the major capsid protein VP1. Our data strongly suggest that VP2 resides in the interior of the capsid shell and the first isoleucine (Ile-52) in the IDPWI motif of the N-terminal arm of VP1, which is exceptionally conserved among noroviruses, is critical for the VP1-VP2 interaction. The Ile-52 residue is positioned at the center of a negatively charged belt across the surface of the S domain. The location of VP2 association with VP1, as ascertained from our study, is consistent with the long-held notion that the basic VP2 is involved in the packaging of the negatively charged viral genomic RNA. The VP1 capsid interior lacks an abundance of basic residues needed to bind RNA as seen for other Tϭ3 icosahedral viruses such as tombusvirus and nodavirus (38, 39) . In contrast, in noroviruses the basic VP2 may serve a similar function as the internal basic residues in these other viruses to mediate both the capsid assembly and the genome encapsidation.
Our first observation was that NV VP1 expression in mammalian cells is enhanced in the presence of VP2. This is consistent with an earlier study showing that NV VP1 expressed in insect cells has a half-life of 24 h in the presence of VP2, over twice as long as when VP1 is expressed alone (23) . That study also demonstrated that VLPs made from coexpressed VP1 and VP2 are not only more resistant to pancreatin treatment but also more stable than those made solely from VP1. Viral proteins such as the measles virus hemagglutinin-fusion glycoproteins and Sindbis virus structural proteins E1-E2 are known to enhance the expression of one another due to their interactions (R. Cattaneo and C. Navaratnarajah, unpublished data). Such enhanced stability may result from structural rigidity induced by oligomerization, shielding of flexible or loop regions inside a hydrophobic core created from protein-protein interactions, and subsequent protection from protease cleavage. In addition, capsid stability often benefits from hydrophobic effects and buried electrostatic interactions (hydrogen bonds and charge-charge attractive interactions) since stability of viral capsid proteins can be perturbed by single amino acid changes.
The next observation from our studies is that Ile-52 of VP1 is critical for VP2 interaction based on the results that various mutations of this residue abrogate VP1-VP2 interaction. A relevant question is whether Ile-52 makes direct contact with VP2 or the abrogation of VP2 interaction is an indirect effect. Analysis of the capsid structure shows that Ile-52 is surrounded by several hydrophobic residues and thus any mutation at this position has the potential to alter the local structure and result in abrogation of the VP2 interaction. However, our finding that the I52V mutation, which is likely to maintain several of the key contacts, also affects VP2 interaction, and further that the I52A mutation allows formation of the intact shell suggests that Ile-52 directly interacts with VP2. However, the possibility that Ile-52 indirectly affects VP2 interaction cannot be unequivocally eliminated.
The Tϭ3 icosahedral capsid consists of 90 Ile-52 pairs. The lack of any detectable density in the cryo-EM and X-ray structures of caliciviruses suggests that VP2 does not interact with all of the icosahedrally equivalent Ile-52 pairs. Although the precise number of VP2 molecules that are incorporated into caliciviruses is currently unclear, various studies consistently have suggested only a few copies of VP2 per virion. Previous estimates of the numbers of VP2 molecules per particle have ranged from 1.5 to 8 (20, 21, 40) . These estimates were derived from comparative quantitation of purified [
35 S]methionine-radiolabeled NV VLPs or FCV virions using PhosphorImager analysis. The studies on FCV also showed that a low level of VP2 expression relative to VP1 is exquisitely regulated by a termination/reinitiation mechanism from subgenomic RNA and suggested that VP2 expression is linked to particle production (40) . Taken together, these observations indicate that VP2 could be involved in initiating capsid assembly and enhancing capsid stability.
Several mechanisms may explain how a substoichiometric proportion of a small minor structural protein plays a role during initiation of capsid assembly. Based on structural and mass spectroscopy studies, it is proposed that capsid assembly in NV and likely in other noroviruses proceeds by the formation of pentamers of VP1 dimers (41, 42) . Although we note that it is not necessary for VP2 to interact with all of the dimers in the capsid, VP2 may bind to Ile-52, provide stability to VP1 dimers, and promote nucleation whereby assembly proceeds in a cascade until a fully closed capsid is formed. Furthermore, it is possible that Ile-52 may be part of the crucial center of a hydrophobic patch between VP1 and VP2 that helps to reinforce and direct the curvature of the capsid facilitated by the "bent" conformation of the A/B dimer or may allow an increase in the speed of the curvature formation during viral capsid assembly. This idea is supported by the fact that insect cell-derived VLPs produced in the absence of VP2 are heterogeneous in size, indicating the lack of curvature control (23) . Close examination of the capsid interior indicates that the Ile-52 pair is surrounded by a stretch of negatively charged residues. By nonspecifically interacting with this region of the capsid, the highly basic VP2 (with a predicted isoelectric point of Ն 9.5) may counteract the electrostatic repulsion between the RNA and capsid and help stabilize the encapsidated genome. Further studies are required to analyze the VP2-RNA interactions.
Recently, Subba-Reddy et al. (43) showed that VP1 directly interacts with the RNA-dependent RNA polymerase (RdRp) through its S domain and exhibits a concentration-dependent regulatory activity on RNA translation and RNA synthesis. These studies suggest that after virus entry into cells and capsid disassembly, released VP1 enhances RdRp activity, and the VP1 stimulatory effect continues during the replication cycle concomitant with increased production of VP1. VP1 concentration ultimately reaches a threshold for oligomerization, signaling the gradual reduction in viral replication and the beginning of assembly and genome encapsidation. More interestingly, several regions in the S domain of VP1 are implicated in RdRp interactions and these regions overlap the VP1-VP2 interaction footprint described here in our study. It is tantalizing to speculate that VP2 acts as a molecular switch whereby RdRp interacting with VP1 dictates primarily the replication phase, while VP2 interacting with VP1 promotes oligomerization and stability that results in the initiation of the assembly phase during norovirus replication.
Given that VP2 does not interact with VP1 at all of the icosahedrally equivalent positions, it is indeed challenging to determine precisely how VP2 is oriented inside the capsid. Although several studies had indicated the presence of VP2 in the calicivirus capsid, the location of VP2 in the context of the capsid has been unclear. Our biochemical studies presented here provide novel insights into various aspects of VP1-VP2 interactions with implications in capsid assembly and genome encapsidation. VP2 in caliciviruses exhibits enormous sequence diversity with several large deletions and insertions. Despite secondary structure predictions indicating that VP2 is predominantly ␣-helical, it is currently unclear whether VP2 possesses any structurally ordered core that is amenable for analysis by structural techniques or if it behaves as an intrinsically disordered protein. Future studies using biochemical and structural techniques are required to address the structural aspects of VP2 along with its possible interactions with RNA. Such studies perhaps culminating in the determination of 3-dimensional structure of VP2 will be enormously useful in further understanding VP2 function. A better understanding of the assembly/disassembly mechanisms could contribute to the development of strategies that aim to disrupt viral capsid formation.
